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The preatmospheric mass of the Tagish Lake meteoroid was about 200,000 kilograms. Its calculated orbit indicates affinity to the Apollo asteroids with a semimajor axis in the middle of the asteroid belt, consistent with a linkage to low-albedo C, D, and P type asteroids. The mineralogy, oxygen isotope, and bulk chemical composition of recovered samples of the Tagish Lake meteorite are intermediate between CM and CI meteorites. These data suggest that the Tagish Lake meteorite may be one of the most primitive solar system materials yet studied.
Carbonaceous chondrites represent the most chemically unfractionated class of meteorites known (1). Much of our present understanding of early solar nebular chemistry, particularly organic chemistry, comes from the characterization of chondrites. One group of carbonaceous chondrites, the CI1's, have particularly primitive, solar-like compositions (2, 3), although all studied samples have been almost completely aqueously altered on the parent asteroid. The carbonaceous chondrites have been associated with the C types of asteroids (4, 5) primarily on the basis of their similar reflectance spectra, but no direct dynamical evidence linking these meteorites to specific asteroid populations has been previously available. Here, we present the preatmospheric orbit, mass, and initial compositional characterization of the Tagish Lake meteorite.
The fireball producing the Tagish Lake meteorite occurred on 18 January 2000 at 16:43 UT. This exceptionally bright fireball was witnessed in dawn twilight throughout the Yukon and Northwest territories, northern British Columbia, and parts of Alaska. The fireball was detected by infrared (IR) and optical sensors aboard U.S. Department of Defense satellites. Optical measurements placed the energy of the light flash at 1.1 ϫ 10 12 J. Bolides of H-chondrite composition have been found to have light-energy conversions of ϳ10% (6). A more realistic value for the present case is probably on the order of 5%, suggesting a total kinetic energy for the body of ϳ2 ϫ 10 13 J. More than 70 eyewitnesses were interviewed to reconstruct the atmospheric trajec-tory of the fireball. Additionally, a total of 24 still photos and five videos of the associated dust cloud were collected. Of these, a subset were timely (within 1 to 2 min of the event) and had sufficient foreground objects to permit angular measurements similar to those used to derive a trajectory for the Peekskill fireball (7). These have been incorporated into a solution for the path of the fireball created by the main mass of the meteoroid.
A synthesis of satellite optical data, features in the IR satellite record, and groundbased dust cloud photos indicate an estimated average velocity for the fireball of 15.5 Ϯ 0.6 km s
Ϫ1 from an azimuth of 331.5°Ϯ 2.2°and an entry angle of 16.5°Ϯ 1.2°from the horizontal. The most probable velocities are near the upper limit of the error range. Using the modeling techniques described in (8), we estimate the initial entry velocity to be 15.8 Ϯ 0.6 km s Ϫ1 . This velocity, together with the total energy derived from the satellite data, suggests an initial entry mass for the meteoroid of 2 ϫ 10 5 kg. Taking the estimated bulk density of the several hundred recovered samples of about 1500 kg m Ϫ3 , this corresponds to an initial body 4 to 6 m in diameter. Initial measurement of cosmogenic nuclides [see (6)] in Tagish Lake ( Table 1) suggests that the parent meteoroid had a preatmospheric radius of between 2 and 4 m, consistent with the satellite data (9).
Orbital elements derived from the fireball entry velocity and path (Table 2) were compared to the four previous instrumentally determined meteorite orbits (Fig. 1) . The calculated orbit for Tagish Lake is a typical Earthcrossing Apollo asteroid-type orbit with a semimajor axis in the middle of the asteroid belt. A dynamical linkage with outer-belt objects is possible [notably the C, D, and P type asteroids, which have spectra most similar to CM and CI chondrites (10) ]. The uncertainties of the orbital elements are almost an order of magnitude larger than those of the four previously determined meteoroid orbits from which meteorites were recovered. The orbit also crosses much of the main belt at low inclination, which suggests that the source of the carbonaceous chondrites responsible for the xenoliths found in some meteorite breccias might be similar to the source of the Tagish Lake meteorite (11, 12) . The fireball ended in a series of detonations to the west and south of the town of Carcross, in the Yukon. Debris from these detonations crossed the Yukon-British Columbia border, and fragments landed on Taku Arm of Tagish Lake, at 59°42ЈN, 134°12ЈW (establishing the name of the meteorite). Jim Brook recovered the first specimens from the frozen lake surface on 25 January 2000. He continued collecting material on 26 January and was able to gather several dozen pieces in all, totaling ϳ0.85 kg. These fragments were collected from the surface of the frozen lake with ambient temperatures having remained subzero, and were placed in plastic bags without being handled by bare hands. All but one fragment has remained frozen since this initial collection. This rapid recovery minimized contamination and, combined with the frozen state of the meteorites, may permit characterization of the full range of volatile organics in a primitive chondrite.
Between 20 April and 8 May 2000, a dedicated field expedition located an additional 410 meteorite fragments on and below the ice surface of Taku Arm. All fragments collected in this way were variously degraded because of immersion in meltwater. A strewn field of minimum dimensions 16 km by 5 km extends from 59°39.5ЈN, 134°12ЈW to 59°48ЈN, 134°17ЈW (Fig. 2) . Recovered masses ranged from ϳ2.3 kg in the south to subgram fragments in the extreme north of the fall ellipse (13) . Aggregates and chips were recovered from most locales, although some individuals several hundred grams in mass were extracted intact. On the basis of recovery efficiency and fragment size distribution, we estimate that Ͼ2 ϫ 10 3 fragments larger than 1 g actually landed on the lake ice. More generally, we estimate a total of Ͼ10 4 fragments over the full fall ellipse, most of which is forested and mountainous terrain.
The classification of Tagish Lake is complex. One section of the Tagish Lake material collected on 25 January was examined using an electron microprobe (Fig. 3) . Tagish Lake is a brecciated, matrix-supported mixture of olivine-rich aggregates, sparse chondrules (diameter Ͻ1 mm), probable altered calciumaluminum-rich inclusions (CAIs) up to 2 mm in diameter, magnetite (mainly framboids and plaquettes), individual grains of olivine, CaMg-Fe-Mn carbonates, and Fe-Ni sulfides including pyrrhotite.
Some chondrules and the majority of aggregates show evidence of aqueous alteration. The CAIs have the sinuous textures typical of CMs (14) , but are almost completely altered to phyllosilicates, predominantly Mg-rich serpentine. In contrast, altered CAIs in CM chondrites usually consist of Fe-rich serpentine and diopside (15) . Sulfides (in par- 
15.8 Ϯ 0.6 km/s (Fig. 4) are far removed from the field of CM chondrites and are more similar to those of CI chondrites and of a group of metamorphosed carbonaceous chondrites (such as Belgica 7904, Yamato 82162, and Yamato 86720) (1). If the data on Tagish Lake are interpreted in terms of the model of exchange of minerals with liquid water on a parent body (1), the oxygen isotopic data suggest a higher water/ rock ratio than the CM group, and a lower temperature of aqueous alteration (near 0°C) than the CI group.
Carbon concentration and isotopic composition were determined by high-resolution stepped-combustion mass spectrometry of a 1.0174-mg chip (18) . The total carbon yield was 5.4 wt %, with summed ␦ 13 C ϳ ϩ24.3‰. The yield is higher than typical for CI and CM chondrites (19) , possibly reflecting local sample heterogeneity given the small mass used. The carbon isotopic composition is also unusually high for either CI or CM chondrites [generally -15 to 0‰ (19) ], a reflection of the abundant 13 C-rich carbonates in Tagish Lake. There are several carbon-bearing components present. Maxima in the yield histogram at 500°C (␦ 13 C ϳ ϩ43‰) and 600°C (␦ 13 C ϳ ϩ56‰) are inferred to correspond to the decrepitation of Fe-Mg carbonate and Ca carbonate, respectively (Fig. 5) . Around 3.7 wt % carbon derives from carbonates (mainly Fe-Mgrich), a much higher proportion than is usual for either CI or CM chondrites, where 0.2 to 0.5 wt % carbon typically occurs as carbonate; the carbon isotopic composition of the carbonate, however, is within the range of values for CI and CM chondrites [ϩ20 to ϩ70‰ (20) ]. The remaining carbon is mostly from organic species that combust below ϳ500°C. The ␦ 13 C of the organics varies from Ϫ10 to Ϫ1‰, a range similar to that observed for organic species in CI and CM meteorites (21) .
In addition to the major carbon-bearing phases, large excursions in isotopic composition indicate the presence of interstellar grains within Tagish Lake. We clearly detect nanodiamonds (combusting at 525°to 550°C, depleted in 13 C) and silicon carbide (combusting above 1000°C, enriched in 13 C) in Tagish Lake, and the presence of both components is matched by similar excursions in ␦ 15 N during nitrogen release.
Results of the bulk composition determinations (Table 3 ) (22) indicate that the refractory lithophile element (Zr-Sr) abundances are more similar to those of CM chondrites, whereas the moderately volatile and volatile lithophile element (Mn-Br) abundances are between those of CM and CI chondrites. The refractory siderophile element (Re-Pd) abundances are like those of both CI and CM chondrites, whereas the On the basis of these data, we suggest that Tagish Lake is more primitive than type 1 CI chondrites (23) . Tagish Lake may therefore represent samples of the precursor lithology to CI1 with a possible relation to metamorphosed carbonaceous chondrites such as Yamato 82162 (24) . We tentatively conclude that Tagish Lake is a new type of carbonaceous chondrite. We note, however, that there are no examples of CI2 chondrites, and we do not rule out the possibility that Tagish Lake's unusual chemical and isotopic characteristics are due to its being a less altered CI chondrite. As a result, the bulk composition of Tagish Lake may serve as a more useful model of the solar abundances of the elements (2). (1986)], respectively. The low density of the Tagish Lake meteorites relative to the modeled and measured densities of ordinary chondrites in previous studies will result in an approximate doubling of the corresponding radii. Measured 22 Na and 26 Al activities indicate derivation of the surveyed meteorite fragments from depths of about 1 to 2 m in an object of Ͼ2 m radius. The measured activities are higher than that expected in the case of 2 irradiation geometry, indicating that the meteoroid was not larger than ϳ4 m radius. For activated nuclides, the effect of declining activities toward the meteoroid's center will be accentuated by the Tagish Lake meteoroid's substantial light element (H, C) content, resulting in the neutron flux peaking closer to the surface and decreasing more rapidly with depth than in ordinary chondrites. Thus, if the Tagish Lake meteoroid had a radius substantially larger than 2 m, high 60 Co activities will not be present (e.g., all 60 Co abundances will be below the 51 to 79 decays min Ϫ1 kg Ϫ1 measured in the Murchison CM2 chondrite, which was presummental values for the Tagish Lake material were analyzed together with two aliquots of the Tagish Lake degraded material, two aliquots of the Allende meteorite control, and a variety of international certified standard reference materials of similar mass. The samples and standards were analyzed for boron and hydrogen by prompt gamma analysis using the McMaster University Nuclear Reactor Prompt Gamma Facility. The samples were irradiated at a flux of 7 ϫ 10 12 neutrons cm Ϫ2 s Ϫ1 in the McMaster Nuclear Reactor computer-controlled rabbit irradiation site for both thermal (60 s) and epithermal (5 min) irradiations. Samples were counted on a high-purity germanium counting system (resolution of 2.0 KeV for the 1332-KeV Co 60 photopeak) for 100 s after a decay of 7 min. Samples were recounted for 300 s after a decay of 30 and 75 min. Samples, standards and blanks, and flux monitors were then combined in a batch and were reirradiated for 3 hours in the RIFLS irradiation facility of the McMaster Nuclear Reactor. Fig. 4 (left) . Three-isotope plot for CI, CM, and metamorphosed (CMet) carbonaceous chondrites [data from (1)]. Tagish Lake compositions (ovals) are unlike all previously analyzed groups but are closest to the CI group. Fig. 5 (right) . Carbon release as a function of heating temperature for Tagish Lake, with corresponding ␦
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C values. The vertical bars show the concentration of carbon released at each temperature increment (scale on the left-side ordinate); the solid dots represent the per mil difference in the isotope ratios of 13 C to 12 C relative to the C standard (scale on the right-side ordinate) for the carbon released at each temperature.
After a decay of 4 days, 5 days, 7 days, and 8 days, samples were remeasured on a high-resolution Ge detector system (resolution of 1.61 KeV for the Co 60 , 1332 KeV photopeak). The same sample material used above was then fused with a combination of lithium metaborate/tetraborate and lithium carbonate in high-purity graphite crucibles covered with graphite lids in an induction furnace. The molten mixture was transferred to a 5% (by volume) nitric acid (with Cd internal standard) solution. The molten bead immediately shattered and was shaken until totally dissolved (ϳ15 min). Masses of 0.05-g aliquots in duplicate were analyzed by combustion-IR techniques using an ELTRA simultaneous carbon/sulfur analyzer, Model 800. A sequence of 0.1-g aliquots were digested with aqua regia at 90°C for 2 hours. Finally, a 0.1-g aliquot was subjected to an 18-hour ramped digestion in Teflon test tubes using hydrochloric, nitric, perchloric, and hydrofluoric acids. Samples were analyzed by ICP-optical emission spectrometry (OES) on a Perkin-Elmer OPTIMA 3000 ICP-OES and a Perkin-Elmer SCIEX ELAN 6000 and 6100. We noted systematically higher values in all cases for degraded (immersed in lake water) as compared to pristine meteorite abundances, except for H, Na, and Cl, which were much lower in the degraded specimens than in the pristine material. The H anomaly is probably due to excess removal of indigenous water in the degraded sample; it is very common for CI chondrites to contain large amounts (in excess of 10 Warming at the last glacial termination in the North Atlantic region was interrupted by a period of renewed glacial activity during the Younger Dryas chronozone (YDC). The underlying mechanism of this cooling remains elusive, but hypotheses turn on whether it was a global or a North Atlantic phenomenon. Chronological, sedimentological, and palaeoecological records from sediments of small lakes in oceanic southern Chile demonstrate that there was no YDC cooling in southern Chile. It is therefore likely that there was little or no cooling in southern Pacific surface waters and hence that YDC cooling in the North Atlantic was a regional, rather than global, phenomenon.
The YDC [13 to 11.2 thousand years before the present (ky BP) (1)] in northern Europe was a period of renewed glacial activity after the decline of the main last glacial ice mass. The temperature changes of the period are seen most strongly in oceanic western Europe, and their amplitude decreases eastward into the continental interior (2). A cooling during this period has also been recognized in eastern North America (3) and correlated with event stratigraphy from the Greenland Ice Core Project (GRIP) (4). Here we present chronological, sedimentological, and pollen data from the sediments of small lakes in oceanic southern Chile (44°to 47°S), chosen to be as similar as possible in character and location to sites in the North Atlantic region that demonstrate strong temperature changes during the YDC. We show that there was no cooling and that the YDC was a period of continuing forest development and increasing diversity. The climate of this region is dominated by air masses from the Pacific and the north-flowing Humboldt Current, which originates as an eastward flow across the southern Pacific (5). If there was no cooling during the YDC in southern Chile, it is unlikely that there can have been any cooling in southern Pacific surface waters; hence, the cooling during the YDC in the North Atlantic was a regional, rather than global, phenomenon. In temperate areas of moderate and high precipitation, small lakes remain full to their outlets, retaining a constant deep-water anoxic environment at their base. The sediments in such lakes consist largely of the remains of planktonic algae, atmospheric dust, and material washed from surrounding slopes. Such sediments may thus be highly stable as sedimentary environments, preserving materials indicative of conditions in aquatic, terrestrial, and atmospheric environments. We sampled the sediments of a series of lakes on the Taitao peninsula and an islands of the Chonos archipelago in southern Chile (Fig. 1) , choosing lakes that were located in rock basins, had no inflowing streams, and were still moderately deep (2 to 5 m) for their size (100 m diameter). Such sites should be the most sensitive to any temperature changes of the period, as in western Europe (6 -8). Cores were collected with a Livingstone piston corer. On return to the laboratory, they were analyzed immediately for physical properties and sampled for radiocarbon dating [bulk and accelerator mass spectrometry (AMS)] and the presence of tephras to provide a chronology, and the pollen content was assessed at intervals of 100 to 150 years or less.
All cores from these lakes showed similar simple stratigraphies. Basal sediments were always gray silty clays, succeeded upward by brown algal gyttja (Fig. 2) . Magnetic susceptibility measurements confirmed visual inspection, showing no evidence along the sequences for changes (such as increases in eroded inorganic material) that might indicate a period of cooling. Radiocarbon age determinations (9, 10) allowed us to pinpoint sediments of the YDC in each core, and confirmed that there were no sedimentary changes during this period. Detailed tephrochronological analyses of these and other cores from the region (10), which include tephras within the Last Glacial, confirm and support the radiocarbon chronology (11) .
Forest development, determined from the pollen analyses (Figs. 3 and 4) (12) , began about 14 ky BP with the arrival and increase of southern beech Nothofagus, probably Nothofagus betuloides (13) . The landscape became completely forested as other trees followed (Fig. 3) . The sequence of trees is broadly (Tepualia is the only exception) in
